Scleractinian coral are experiencing unprecedented rates of mortality due to increases in sea surface temperatures in response to global climate change. Some coral species however, survive high temperature events due to a reduced susceptibility to bleaching. We investigated the relationship between bleaching susceptibility and expression of five metabolically related genes of Symbiodinium spp. from the coral Porites astreoides originating from an inshore and offshore reef in the Florida Keys. The acclimatization potential of Symbiodinium spp. to changing temperature regimes was also measured via a two-year reciprocal transplant between the sites. Offshore coral fragments displayed significantly higher expression in Symbiodinium spp. genes PCNA, SCP2, G3PDH, PCP and psaE than their inshore counterparts (p<0.05), a pattern consistent with increased bleaching susceptibility in offshore corals. Additionally, gene expression patterns in Symbiodinium spp. from site of origin were conserved throughout the two-year reciprocal transplant, indicating acclimatization did not occur within this multi-season time frame. Further, laboratory experiments were used to investigate the influence of acute high temperature (32˚C for eight hours) and disease (lipopolysaccharide of Serratia marcescens) on the five metabolically related symbiont genes from the same offshore and inshore P. astreoides fragments. Gene expression did not differ between reef fragments, or as a consequence of acute exposure to heat or heat and disease, contrasting to results found in the field. Gene expression reported here indicates functional variation in populations of Symbiodinium spp. associated with P. astreoides in the Florida Keys, and is likely a result of localized adaptation. However, gene expression patterns observed in the lab imply that functional variation in zooxanthellae observed under conditions of chronic moderate stress is lost under the acute extreme conditions studied here.
Introduction chlorophyll alpha binding protein I chloroplastic (PCP) and photosystem I reaction center subunit IV (psaE). PCP is involved in the capture of solar energy [33] and psaE stabilizes interactions within the photosystem 1 complex [34] . Variation in the expression of these metabolic genes affords functional variability to zooxanthellae and can be involved in acclimatization to bleaching and disease conditions [35] [36] [37] .
Here, we studied the role of zooxanthellae in the bleaching susceptibility of P. astreoides by evaluating symbiont gene expression in reciprocal transplants of P. astreoides in the Florida Keys. The expression of zooxanthellae genes PCNA, SCP2, G3PDH, PCP and psaE was measured in coral sub-samples from inshore and offshore reefs differing in thermal and irradiance regimes [16, 17] . Differences in patterns of gene expression in the reciprocal transplant allowed us to evaluate the role of these genes in acclimatization to environmental stress. Expression of the same symbiont genes was measured in response to a laboratory study combining bleaching temperatures and lipopolysaccharide (LPS) from S. marcescens in order to determine the synergistic effects of acute (8-hour) heat and LPS exposure. Lipopolysaccharides are large molecules found on the outer membrane of gram-negative bacteria [38] . When present, LPS elicits a strong immune response in infected organisms [39] . Variation in the response of zooxanthellae to acute stress in the laboratory compared to the chronic moderate stress experienced in the field allowed inferences of the role of the coral host in response to acute stress. To the author's knowledge, the effects of LPS on the expression of zooxanthellae genes have not been described previously.
Materials and methods

Reciprocal transplant and sample collection
In this study, Symbiodinium spp. from P. astreoides reciprocally transplanted from an inshore and offshore site in the lower Florida Keys were analyzed for changes in gene expression over two years. Study sites, coral collection, reciprocal transplant design and sample collection for analyses were completed as outlined in Hauff et al. [17] . Briefly, in September 2011, ten 16x16 cm fragments of P. astreoides were collected from Birthday reef (inshore: 24.57917N -81.49693W) and an additional ten 16x16 cm fragments were obtained from Acer24 reef (offshore: 24.55268N -81.43741W)(Permit #FKNMS-2011-107, Florida Keys National Marine Sanctuary). Birthday reef and Acer24 reef are patch reefs separated by Hawk Channel and have notably distinct temperature and turbidity regimes, but are otherwise similar (i.e. depth, species diversity). Relative to Acer24 reef, Birthday reef has higher turbidity, lower light, higher annual average temperatures (~1˚C) and lower bleaching (for a detailed description of site specific parameters see Hauff et al. 2016 , Haslun et al., 2016 .
The 20 P. astreoides fragments taken from Birthday reef and Acer24 reef were sectioned into nearly equal halves. These small fragments were approximately 8 x 16 cm each. In a 2x2 design, corals from each of the two reefs were transplanted either back to their reef of origin or to the other reef (i.e. fragments from offshore transplanted to inshore site) (n = 40) (Fig 1) . Each small fragment was sampled in winter and summer for two years (i.e. February and August of 2012 and 2013) to capture gene expression during winter and summer conditions. Sub-samples from six of the small coral fragments from each treatment within the reciprocal transplant experiment were randomly chosen for qRT-PCR analysis for a total of n = 96 subsamples. At each sub-sampling time, approximately 1 cm 2 sub-samples were taken with hammer and chisel and flash frozen in liquid nitrogen within 15 minutes of initial collection and stored at -80˚C. At the end of the field experiment, P. astreoides fragments originating and replaced at Birthday (n = 6) and Acer24 (n = 6) reef were brought back to Mote Marine Tropical Laboratory (MMTL). Upon arrival, all 12 colony fragments were sectioned into nine, approximately 2x2 cm fragments each, for a total of 108 samples (54 per site) and allowed to recover for 72 hours [40] in a shaded flow through water table prior to use in the laboratory experiment discussed herein. The nine pieces resulting from each of the 12 fragments were used to accommodate a laboratory design consisting of three fragments for controls and three fragments for each of two treatment levels described below.
Temperature and LPS experiments
The laboratory experiment consisted of a one-way design with three experimental levels: a control temperature (28˚C, "Control"), a temperature known to cause bleaching (32˚C, "Heat") and a treatment in which both the bleaching temperature and S. marsescens lipopolysaccharide were applied (LPS: 32˚C, "Heat+LPS") (Sigma Aldrich, St. Louis MO, USA); the latter application was induced to mimic the immune systems recognition of bacteria via A 16x16 cm fragment of P. astreoides was collected from each reef. This fragment was sectioned into two 16x8 cm small fragments and allowed to recover. Coral was then placed back onto a reef with one small fragment being placed at its reef of origin, while the other fragment half was transplanted to the companion site. For the above, fragments colored in blue originated from Acer24 Reef, while the fragments colored in green originated from Birthday Reef. The above was repeated ten times for each reef, for a total of n = 20 P. astreoides sampled and n = 40 small fragments placed back on to reefs.
https://doi.org/10.1371/journal.pone.0173350.g001
polysaccharide. Purified LPS is a common reagent used to elicit immune responses in human and animal studies [39] . We chose to use purified LPS instead of S. marsescens colonies to minimize potential cross contamination of S. marsescens into the surrounding environment, as MMTL's flow-through system is connected directly to an adjacent public waterway. Additionally, LPS was not added to flow-through sections of the experimental design, see below. Control fragments were maintained in experimental tanks at ambient temperature (28˚C) reflective of temperatures experienced in water tables, without exposure to LPS. Each treatment was replicated in two tanks, as outlined below, for six independent units of analysis.
Experiments were conducted by placing coral fragments in custom made acrylic boxes (2.5 x 7.5 x 7.5 cm) set within 38-liter fish tanks. The acrylic boxes included three distinct subdivisions each of which housed a single coral fragment. Six 38-liter tanks containing five acrylic boxes each were used in the experiment for n = 90 experimental units. The experimental designs for the six tanks included two controls and two tanks for each of the two treatments. The six 38-liter tanks were filled with artificial sterile seawater (ASSW, Instant Ocean, Blacksburg VA, USA) and placed in flow through water tables adjacent to one another. Water tables were 680 liters, fiberglass troughs with seawater pumped through via the adjacent waterway to aid in temperature maintenance.
Coral fragments were rinsed in ASSW prior to placement in acrylic box subsections. ASSW held within the tanks was circulated via pumps inside the tanks but external to acrylic boxes. Heaters placed external to the acrylic box maintained temperatures characteristic of bleaching (32˚C±0.5) and were monitored with HOBO tags (Onset Computer Corporation, Bourne MA, USA). For the disease response treatment, LPS from S. marsescens (1 mL, 5 μg/mL) [41] was added using disposable plastic pipettes. Additionally, 1 mL of ASSW was added to the heat treatment and control tanks for consistency.
Coral fragments were exposed to treatments for eight hours. Within that period of time, individual subdivisions were aerated each hour via air infusion using disposable pipettes. Water was aerated (C. Page MMTL, per. obs.) taking care not to disturb the fragments. At the end of each experiment, coral fragments were removed from their individual tanks using sterile tongs, wrapped in combusted foil and placed in freezer bags. Coral fragments were then immediately flash frozen in liquid nitrogen and stored at -80˚C until processing.
RNA extraction and cDNA preparation
All sub-samples of P. astreoides were stored at -80˚C and crushed to a fine powder in liquid nitrogen using a pre-chilled mortar and pestle. Between samples, mortar and pestles were cleaned with liquid detergent and RNase AWAY (Sigma-Aldrich, St. Louis MO, USA) and rinsed in ultrapure water.
TRI Reagent (Sigma-Aldrich, St. Louis MO, USA) was used to extract RNA from 0.1 g coral powder following a modified manufacturer's protocol. Extracted RNA was quantified and two-50 μL samples were stored at -80˚C. Prior to reverse transcription, samples of RNA were diluted to 5 ng/μL and examined on a bioanalyzer to check for RNA integrity and re-extracted if necessary. Once proper integrity was obtained, 2.5 ng of RNA was treated with DNase I (Life Technologies, San Antonio TX, USA) and reverse transcribed into cDNA following manufacturer instructions using the SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Life Technologies, San Antonio TX, USA).
qRT-PCR
Fully transcribed cDNA was diluted 1:16 for qRT-PCR. Reaction volumes for qRT-PCR were 10 μL and as follows: 5 μL Power SYBR Green PCR Master Mix, 3.5 μL H 2 O, 1μL cDNA, 0.5μL primer (0.05mM final primer concentration). Cycling conditions for all reactions were: 50˚C-2 minutes (1x), 95˚C-10 minutes (1x), 95˚C-15 seconds and 60˚C-1 minute (40x). Primers were designed using Primer-BLAST (NCBI). Primer specificity parameters ignoring targets with six or more mismatches was ignored to insure primer specificity. More detailed primer information for all genes can be found in Tables 1 and 2 .
In this study, six zooxanthellae-specific genes were analyzed across all sub-samples, and include one housekeeping gene and five experimental genes ( Table 1) . The housekeeping genes, cytochrome oxidase subunit 1 (Cox) and proliferating cell nuclear antigen (PCNA) have previously been identified as viable housekeeping genes in Symbiodinium spp. [42, 43] . Technical replicates were run in duplicate and negative controls were run to confirm no genomic DNA contamination for a total of n = 2,448 reactions. All analyses were completed at the Research Technology Support Facility at Michigan State University on an Applied Biosystems Prism 7900HT (Thermo Scientific, New York, NY USA).
Data analysis
All analyses were performed in R (v3.1.3) using the specialized package MCMC.qpcr [44] . In this analysis, raw qRT-PCR data (i.e. Ct values) is represented as molecule counts and described under a Poisson-lognormal error using generalized linear mixed models. There are numerous benefits to this approach. It is fully flexible for all levels of random and fixed effects, enables evaluation of unlimited interactions, increases power via simultaneous analysis of all genes in one model, accounts for low amplification targets by using molecule counts, and eliminates the need for control genes [44] . For this study, however, control genes were used to balance conservatism and the risk of bias, as suggested by Matz et al. [44] . Gene name, abbreviation, function, references, GenBank accession numbers for primers used in qRT-PCR.
https://doi.org/10.1371/journal.pone.0173350.t001 For analysis of field samples, a two-way model was fit using "treatment" (i.e. transplant versus non-transplant) and "time" (i.e. winter and summer) as fixed factors, as well as their interaction, "treatment:time". This resulted in a model describing the individual effect of each factor, as well as the effect of their interaction (i.e. the treatment dependent effect of sampling time). Two models were run in order to report all relevant comparisons. The first model used fragments originating from, and replaced at, Acer24 reef as a baseline comparison, meaning all other fragment conditions were compared to fragments originating from and replaced at, Acer24 reef. The second model used fragments originating and replaced at Birthday reef for baseline comparison. Three Markov Chain Monte Carlo chains were run for 25,000 iterations with the first 4,000 discarded as burn-in. Additionally, the model was "informed" using qRT-PCR data generated here from one previously established control gene (Cox, Table 1 , [42] ) and used original coral fragment and individual samples as random variables to account for potential sources of variation and the repeated sampling design [44] . Diagnostic plots using the function diagnostic.mcmc() were analyzed to confirm linear modeling as an appropriate application for this data set.
For analysis of laboratory samples, a two-way model was fit using "reef" (i.e. Acer24 or Birthday reef) and "treatment" (i.e. control, heat or heat+LPS) as fixed factors, as well as their interaction term, "reef:treatment". This resulted in a model describing the individual effects of each factor, in addition to the interaction effect (i.e. the site dependent effect of treatment). Three Markov Chain Monte Carlo chains were run for 25,000 iterations with the first 4,000 discarded as burn-in. The model was "informed" using qRT-PCR data generated here from one previously established housekeeping gene (PCNA, [43] ) and used original coral fragment, individual samples and tank assignment as random variables to account for potential sources of variation [44] . Diagnostic plots using the function diagnostic.mcmc() were analyzed to confirm linear modeling as an appropriate application for this data set.
Results
Reciprocal transplant
There were no significant effects in gene expression between winter and summer observed, however, significant differences in zooxanthellae gene expression were found between subsamples from Acer24 and Birthday reefs (p<0.05) ( Table 3, Table 4 , S1 File). Overall, gene expression from zooxanthellae was higher in algae from Acer24 reef than those present at Birthday reef (Fig 2) . Gene expression patterns observed in zooxanthellae from the original site were retained in the symbiont throughout the transplant period for both collection reefs. For example, gene expression patterns of Symbiodinium spp. from Acer24 reef that were transplanted to Birthday reef were not significantly different from patterns of zooxanthellae that were from, and held, at Acer24 reef (Fig 2) .
Several genes from zooxanthellae harbored in P. astreoides sub-samples originating from Birthday reef exhibited a significant down regulation relative to symbionts originating from Acer24 reef. These included PCP (p = 0.002), PCNA (p = <0.001) and psaE (p = 0.044) and G3PDH (p = 0.052) (Fig 2, Table 3 ). Relative to zooxanthellae from sub-samples originating at Acer24 reef, Symbiodinium spp. originating from Birthday reef and transplanted to Acer24 reef exhibited significant down-regulation of the genes PCP (p<0.001), PCNA (p<0.001), psaE (p = 0.018), and G3PDH (p = 0.024) (Fig 2, Table 3 ). Relative to zooxanthellae originating at Birthday reef, Symbiodinium spp. originating at Acer24 reef and transplanted to Birthday reef exhibited significant up-regulation of genes PCP (p<0.001), PCNA (p<0.001), psaE (p = 0.002), G3PDH (p<0.001) and SCP2 (p = 0.028) (Fig 2, Table 3 ).
In contrast to above, no significant effect of site was found when comparing zooxanthellae gene expression from sub-samples originating at Acer24 reef and zooxanthellae originating Output for two-way model using "time", "transplant" and their interaction as fixed factors under the MCMC.qpr package for zooxanthellae gene expression from subsamples collected at Birthday reef and Acer24 reef. Post means are reported as well as lower and upper credible intervals, effective sample size and p-values. "AcerAcer" represents non-transplanted sub-samples that originated at Acer24 reef, whereas "AcerBirthday" represents transplanted subsamples that were collected at Acer24 reef and transplanted to Birthday reef. "BirthdayBirthday" represents non-transplanted sub-samples that originated at Birthday reef, whereas "BirthdayAcer" represents transplanted sub-samples that were collected at Birthday reef and transplanted to Acer24 reef. Baseline comparison, or reference factor, included non-transplanted sub-samples from Acer24 reef (i.e. AcerAcer) at the winter sampling time. The model was "informed" using Cox as a housekeeping gene and run with 25,000 iterations, with the first 4,000 discarded as burn-in. Asterisk denotes a p-value <0.05.
from Acer24 reef sub-samples transplanted to Birthday reef (p>0.05, Table 3 ). Furthermore, gene expression did not vary significantly between zooxanthellae originating from Birthday reef sub-samples and zooxanthellae originating from Birthday reef sub-samples that were transplanted to Acer24 reef (Table 3) . For all of the zooxanthellae genes tested throughout all experimental conditions, expression was higher in winter, compared to summer, but the effect of season was not significant (p>0.07, Fig 2, Tables 3 & 4) . In zooxanthellae from Birthday reef sub-samples transplanted to Acer24 reef, G3PDH and PCP experienced slight decreased expression in winter compared to summer, while psaE experienced no change in expression. Finally, the interaction between time and transplant was not significant (p>0.1, Tables 3 & 4) .
Temperature and LPS experiments
No significant effect of site or treatment was found on the expression of Cox, G3PDH, SCP2, PCP or psaE between Acer24 and Birthday reef zooxanthellae associated with the coral fragments (p>0.05, Table 5 , S2 File). For example, gene expression of PCP was not different between Acer24 and Birthday reef fragments or between control and experimental treatments from the same site. The interaction of site and treatment also did not have a significant effect on zooxanthellae expression (p>0.05, Table 5 ). For instance, the gene expression of PCP in heat-stressed Symbiodinium spp. from Acer24 reef was not different from the expression of PCP heat-stressed zooxanthellae from Birthday reef. Pair-wise comparisons showed no significant differences in gene expression among treatments and controls. The expression of PCP in zooxanthellae harbored in control fragments from Birthday reef was not significantly different from the expression of PCP in zooxanthellae harbored in fragments from Birthday reef exposed to heat or heat+LPS treatments (p>0.05).
Although not significant, the cumulative effect of heat stress on the expression of each of these genes generally resulted in an increase in gene expression relative to controls. For some genes (e.g. Cox), an increase in temperature resulted in a decrease in expression (Fig 3) . The only other time a decrease in gene expression was observed was when PCP and PSAE were exposed to the heat+LPS treatment. In addition, depending upon treatment, the stress resulted in a 2-fold increase in expression relative to the control (e.g. Cox, SCP2; Fig 3) 
Discussion
Gene expression analysis is a powerful tool increasingly utilized to determine responses of closely related coral and symbiotic zooxanthellae populations to stress [35, 36, 43, 45] . Coral host populations of P. astreoides exhibit differential gene expression that has been linked to bleaching tolerance [14] . To understand the role of zooxanthellae from P. astreoides in bleaching susceptibility at Acer24 and Birthday reefs characterized by Haslun et al. [16] , we studied gene expression in Symbiodinium spp., from these reefs, as well as a reciprocal transplant. Results demonstrating increased gene expression in zooxanthellae from the offshore reef, which experiences higher bleaching, and no change in gene expression patterns in reciprocal transplants, allowed us to make inferences regarding the roles of zooxanthellae and acclimatization in bleaching susceptibility.
Differences in zooxanthellae gene expression between P. astreoides sub-samples from inshore and offshore sites are indicative of functional variability within zooxanthellae. Elevated gene responses and higher rates of bleaching seen at Acer24 reef relative to inshore may be a consequence of higher irradiance [16, [46] [47] [48] . Owing to the elevated coral-host stress response at Acer24 reef, we interpreted patterns of zooxanthellae gene expression exhibited in Acer24 reef sub-samples to reflect bleaching susceptibility at the cellular level. With the exception of Output for two-way model using "time" and "transplant" as fixed factors under the MCMC.qpr package for zooxanthellae gene expression from sub-samples collected at Birthday reef and Acer24 reef. Post means are reported as well as lower and upper credible intervals, effective sample size and p-values.
"AcerAcer" represents non-transplanted sub-samples that originated at Acer24 reef, whereas "AcerBirthday" represents transplanted sub-samples that were collected at Acer24 reef and transplanted to Birthday reef. "BirthdayBirthday" represents non-transplanted sub-samples that originated at Birthday reef, whereas "BirthdayAcer" represents transplanted sub-samples that were collected at Birthday reef and transplanted to Acer24 reef. Baseline comparison, or reference factor, included non-transplanted sub-samples from Birthday reef (i.e. BirthdayBirthday) at the winter sampling time. The model was "informed" using Cox as a housekeeping gene and run with 25,000 iterations, with the first 4,000 discarded as burn-in. Asterisk denotes a p-value <0.05.
https://doi.org/10.1371/journal.pone.0173350.t004
Symbiodinium spp. variation in Florida Keys SCP2 in zooxanthellae from sub-samples originating and retained at Acer24 reef, four symbiont genes (PCNA, G3PDH, PCP and psaE) displayed significantly higher expression in all offshore Acer24 reef sub-samples compared to inshore Birthday reef sub-samples (Tables 3 & 4) . These zooxanthellae genes are associated with metabolic processes that increase with stress, such as DNA synthesis, lipid transfer, metabolism and photosynthesis [37, 49, 50] . Consequently, increased zooxanthellae gene expression observed at Acer24 reef may be a reflection of differential bleaching susceptibility experienced by the symbiont. By-gene plot of transcript abundance for zooxanthellae genes obtained from sub-samples of Porites astreoides taken from Birthday reef and Acer24 reef during winter and summer sampling efforts. "AcerAcer" represents non-transplanted sub-samples that originated at Acer24 reef, whereas "AcerBirthday" represents transplanted sub-samples that were collected at Acer24 reef and transplanted to Birthday reef. "BirthdayBirthday" represents non-transplanted sub-samples that originated at Birthday reef, whereas "BirthdayAcer" represents transplanted sub-samples that were collected at Birthday reef and transplanted to Acer24 reef. Sub-samples collected in summer months are represented in orange, while sub-samples collected in winter months are represented in blue. Whiskers denote 95% credible intervals.
https://doi.org/10.1371/journal.pone.0173350.g002
Although normally involved in glycolysis, G3PDH expression has been associated with apoptosis activation [51] . Apoptosis, also referred to as programmed cell death, occurs during the beginning stages of host coral bleaching [52, 53] . The possibility of increased zooxanthellae G3PDH expression signaling symbiont apoptosis and subsequent bleaching in coral originating at Acer24 reef is consistent with significantly higher levels of bleaching among host coral fragments originating from Acer24 reef relative to those originating from Birthday reef [16] .
Increased expression of PCNA and SCP2 in zooxanthellae from Acer 24 reef suggests higher rates of DNA synthesis and lipid transfer/synthesis, processes that occur during cell replication and division. Our observation of increased expression of PCNA and SCP2 suggests that rates of zooxanthellae replication and division increases with elevated stress [54] . During a bleaching as a random factor. Reef fragments were from Acer24 or Birthday reef and exposed to 28˚C. Heat treatments were fragments from both reefs exposed to 32˚C, and heat+LPS treatments were fragments from both reefs exposed to 32˚C+LPS from Serratia marcescens. Asterisk denotes a p-value <0.05.
https://doi.org/10.1371/journal.pone.0173350.t005
event in which stress results in host bleaching, it is plausible that the demands placed upon the symbiont via the host results in increased zooxanthellae lipid metabolism and cellular division [55] . As a consequence, the symbiont increases lipid use not only as a mechanism to increase its own metabolism, but also to increase lipid transfer to the host [56] .
Rates of photosynthesis increase in response to moderate stress in cultured Symbiodinium spp. [57] . The increased expression of PCP in Acer24 reef samples is consistent with this observation, as PCP is related to light harvesting. In addition to increased PCP, PsaE, a protein involved in the stabilization of interactions within the photosystem 1 complex (PSI), reflects elevated expression in zooxanthellae from Acer24 sub-samples relative to those at Birthday reef. PsaE expression increases in the cyanobacterium Synechocystis spp. during light stress [58] . The increases in psaE expression counteracts the effects of reactive oxygen species (ROS), whose presence breaks down photosystem II machinery [59] . ROS production is a common response of Symbiodinium spp. to bleaching conditions [60] . Increases in the expression of stabilizing protein psaE in Acer24 reef samples may represent an initial attempt to counteract degradation of photosynthetic machinery repair as reported in McGinley et al. [43] for Symbiodinium spp. A13. Increase in the expression of psaE also demonstrates the higher stress environment offshore.
The lack of an effect of transplantation and the retention of zooxanthellae gene expression patterns from reef of origin, demonstrates that environmental change does not influence the expression patterns of zooxanthellae genes investigated in this study. If acclimatization were an important means of counteracting bleaching susceptibility, zooxanthellae gene expression patterns would have likely changed in the transplant experiment. Instead, gene expression may be genetically determined by adaptation, as was also proposed for the coral host [15] . The lack of acclimatization demonstrated in gene expression parallels previous research demonstrating a lack of change in zooxanthellae subclade type populations associated with P. astreoides from Acer24 and Birthday reefs in response to reciprocal transplant [17] . Differences in zooxanthellae subclade populations seen in Hauff et al. [17] reflect variation in genetic material for natural selection to act upon, and may have resulted in locally adapted populations of zooxanthellae at Acer24 and Birthday reefs. Although demonstrating a lack of acclimatization to environmental change, gene expression results suggest that zooxanthellae associated with P. astreoides in the Florida Keys are functionally variable and the lower expression of stress response genes relative to the offshore reef likely reflects better adaptation to bleaching susceptibility inshore.
While zooxanthellae from P. astreoides demonstrated functional variation in the field, the continued success of coral reefs will likely be determined by the ability of the coral-zooxanthellae association to survive exposure to chronic moderate stress and acute extreme bleaching events [3, 13] . While chronic moderate stress is commonly experienced by zooxanthellae on reefs in the Florida Keys [16, 23] , acute stress is a more transient phenomenon poorly described in the literature. Most studies report a response of the coral host and imply that such effects also impact the metabolism of the symbionts [15, 61] . To evaluate the influence of acute stress on zooxanthellae gene response we exposed the same coral from Acer24 and Birthday reefs to a high temperature (32˚C) stress, and the same high temperature combined with LPS from S. marsescens; a treatment that represents a primary stress coupled with a secondary stress. Although data was not statistically significant (Table 5 ), cumulative trends demonstrate increased expression of five of the six zooxanthellae genes relative to the experimental control in response to heat stress, a trend also found in the literature [62] . During acute temperature exposure, symbiont cells show a "knee-jerk" reaction in which cumulative gene expression increases one or two-fold, increasing photosynthetic capacity, DNA synthesis and lipid metabolism (Fig 3) [62, 63] .
We speculate the lack of a symbiont gene response is likely due to the coral host influencing zooxanthellae gene expression by providing protection to zooxanthellae. This possibility is suggested by the observation that in hospite zooxanthellae experience less photosynthetic degradation than cultured zooxanthellae when exposed to short-term bleaching conditions [64] . Because the viability of zooxanthellae metabolism is not independent of the coral host, understanding the response of the coral host to heat and disease conditions is relevant to the current study. Using the same samples as this study, Haslun et al. (In Review) evaluated the genetic response of the coral host. Coral host genes associated with LPS recognition increased under acute heat and LPS stress. This suggests that coral, rather than zooxanthellae, are the first responders to acute stress. Additionally, as the current study modeled the response of zooxanthellae to LPS exposure, and not a bacterial infection, it is possible the 8-hour sampling period was too long to observe a proper response. The response of the innate immune system to LPS molecules is very rapid, and may not have been captured after eight hours [65] . Deciphering which symbiotic partner experiences the lions-share of acute stress [66] will be key in determining the range at which coral holobionts can resist acute extreme episodes of stress.
Short-term perturbations such as acute stress are difficult to capture in the field. As a counterpart to field studies, laboratory studies are important as they allow for manipulation and the capture of acute stress perturbations. This study demonstrated an absence of statistically significant functional variability to acute stress, even though functional variation in zooxanthellae populations from P. astreoides as a consequence of chronic stress was established under similar or less stressful conditions in the field. The role of the host as a protective mechanism may explain the apparent lack of variability reported. Alternatively, the short time period may have also skewed the results, indicating longer sampling intervals are required to induce a significant stress response in zooxanthellae. The ecological implications of the field and lab findings suggest that the response of the coral holobiont to stress is dynamic. As such, the future persistence of P. astreoides is dependent on a myriad of environmental and biological parameters, as well as a complex interplay between the host and symbiont. To the authors' knowledge, this study marks the first study of zooxanthellae gene expression in response to synergistic temperature as a primary stress coupled to LPS as a secondary stress. 
Supporting information
